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Arabidopsis Argonaute10 (AGO10) specifically se-
questers miR165 and miR166 and antagonizes their
activity, thus regulating shoot apical meristem
(SAM) development. However, where and when this
sequestration acts is currently unclear. We show
here that AGO10 represses miR165/166 activity in
the embryo proper during early embryogenesis,
through the apical and central regions of mature em-
bryos, and eventually in the entire adaxial domain
and vasculature of the cotyledons and leaf primordia.
These locations are essentially identical to regions
expressing PHABULOSA and REVOLUTA, mRNA
targets of miR165/166. The Arabidopsis genome
contains nine MIR165/166 genes. Sequestration of
miR165/166 by the MIR165b, MIR166a, MIR166b,
and MIR166g promoters efficiently rescues the
SAM defect in ago10 mutants. Comparison of the
expression patterns of AGO10 and the four
MIR165/166 members suggests that AGO10
quenches the non-cell-autonomous activity of any
miR165/166 that moves into AGO10-expressing
niches. Thus, this study provides insight into how
the spatiotemporal regulation of AGO10-miR165/
166 activity affects SAM development.INTRODUCTION
Stem cells in the shoot apical meristem (SAM) are the ultimate
source for plant aerial organs and tissues. These stem cells
possess the abilities of both self-renewal for SAM maintenance
and providing undifferentiated daughter cells for organogenesis.
The coordination between stem cell renewal and cell differentia-
tion during development is regulated by interwoven geneticCellpathways that involve microRNAs (miRNAs). miRNAs are re-
cruited into Argonaute (AGO)-centered RNA induced silencing
complexes (RISCs) to repress expression of target genes.
miR165/166 are two related miRNAs that differ in sequence by
only a single nucleotide but target the same class III homeodo-
main-leucine zipper (HD-ZIP III) transcription factors to regulate
meristem development and organ polarity (Byrne, 2006).
MIR165/166 genes are encoded by nine loci in the Arabidopsis
genome: two MIR165 loci (a and b) and seven MIR166 loci
(a–g). By comparison, HD-ZIP III transcription factors have five
members including PHABULOSA (PHB), PHAVOLUTA (PHV),
REVOLUTA (REV), CORONA (CNA), and ATHB8. The multiplicity
of MIR165/166 loci and their target genes underlie the intricacy
of their regulatory roles in plant development (Zhang and Zhang,
2012).
miR165/166 regulate HD-ZIP III transcripts through AGO1
and AGO10 in Arabidopsis. AGO1 predominantly associates
with small RNAs (sRNAs) with a 50 uridine (U) (Zhang and
Zhang, 2012). AGO1 is required to carry out the function of
most miRNAs including miR165/166, and AGO1 inactivation
severely impairs plant development, leading to pleiotropic phe-
notypes (Kidner and Martienssen, 2005). AGO10, also known
as PINHEAD (Lynn et al., 1999) and ZWILLE (Moussian et al.,
1998), is the closest paralog of AGO1. AGO10 plays a critical
role in SAM development as AGO10 loss-of-function mutants
display empty apexes or terminally differentiated organs in
place of otherwise normal SAMs (also referred to pinhead
phenotype) (Lynn et al., 1999; Moussian et al., 1998). Previous
histological analysis revealed that ago10 mutants were able to
initiate the embryonic meristem but failed to maintain the mer-
istem in a proportion of embryos at late stages of embryogen-
esis (Tucker et al., 2008). This earlier differentiation of otherwise
normal stem cell results from an ectopic accumulation of
miR165/166 in the SAM (Liu et al., 2009). Intriguingly, unlike
AGO1 that recruits miR165/166 and represses the HD-ZIP III
transcripts (Zhang and Zhang, 2012), AGO10 specifically se-
questers miR165/166 to antagonize the silencing activity of
AGO1-miR165/166, leading to a localized enrichment of theReports 10, 1819–1827, March 24, 2015 ª2015 The Authors 1819
Figure 1. Arabidopsis AGO10 Transmits Non-Cell-Autonomous Signaling through miR165/166
(A and H) Phenotypes of wild-type Ler, an ago10pnh-2mutant (A), and ago10pnh-2; PARR5-FM-AGO10 and -MIM166 transgenic plants (H). Photographs were taken
of 7-day seedlings.
(B, E, and I) Schematic expression patterns of AGO1, AGO10, and AS1 (B), ARR5 (E), as well as FIL and AS2 (I) in embryos. Note: AGO1 is expressed through the
entire embryo.
(C, F, and J–L) Overall trends of pinhead ratios in T2 transgenic plants expressing PAS1-FM-AGO10 (left) and -MIM166 (right) (C), PARR5-FM-AGO10 (left) and
-MIM166 (right) (F), PFIL-FM-AGO10 (J), PAS2-FM-AGO10 (K), and PAS2-MIM166 (L) in the ago10
pnh-2 background, respectively (n > 50/line).
(D, G, andM–O) Pinhead ratios in three representative T3 homozygote lines expressing PAS1-FM-AGO10 (left) and -MIM166 (right) (D),PARR5-FM-AGO10 (left) and
-MIM166 (right) (G), PFIL-FM-AGO10 (M), PAS2-FM-AGO10 (N), and PAS2-MIM166 (O) in the ago10
pnh-2 background, respectively.
(legend continued on next page)
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HD-ZIP III transcripts to promote SAM maintenance (Ji et al.,
2011; Zhu et al., 2011).
A recent study has shown that AGO10 maintains embryonic
stem cells through a non-cell-autonomous mechanism (Tucker
et al., 2008), but the signaling for this process remains unknown.
AGO10 displays tissue-specific expression patterns emanating
from the embryo proper during early embryogenesis to the apical
and central regions of mature embryos, and eventually to the
adaxial sides of cotyledons and leaf primordia (Moussian et al.,
2003; Newman et al., 2002) including the shoot meristem and
vasculature. On the other hand, the MIR165/166 genes also
exhibit dynamic expression patterns in plants (Jung and Park,
2007), with their expression being preferentially detected at the
basal-peripheral region of embryos during embryogenesis
(Miyashima et al., 2013). This notwithstanding, the critical timing
and niches for AGO10-miR165/166 function in SAM develop-
ment have not been fully understood. In this study, we found
that AGO10-mediated non-cell-autonomous signaling was
indeed through miR165/166. Through mosaic complementation
assays, we established that AGO10 inhibits miR165/166 activity
to ensure correct SAM programming spatiotemporally from the
developing embryos to the entire adaxial domains and vascula-
tures of cotyledons and new leaf primordia. These locations are
in essence the stages and sites in which PHB and REV, mRNA
targets of miR165/166, accumulate. Furthermore, we systemi-
cally examined the spatiotemporal expression patterns of the
nine individualMIR165/166members and studied their contribu-
tions to SAM maintenance. We found that miR165/166, pro-
duced through the loci of MIR165b, MIR166a, MIR166b, and
MIR166g, need to be repressed by AGO10 for proper meristem
development. This study provides further insight into how the
spatiotemporal regulation of AGO10-miR165/166 activity im-
pacts SAM development.
RESULTS AND DISCUSSION
AGO10 Mediates Non-Cell-Autonomous Signaling
through miR165/166
AGO10 transmits non-cell-autonomous signaling between the
meristem and the nascent vasculatures to promote SAMmainte-
nance (Tucker et al., 2008). The AGO10 protein itself is unlikely to
move, whereas its specific ligands, miR165/166, are mobile
(Chitwood and Timmermans, 2010). We hypothesized that
miR165/166 might transmit this non-cell-autonomous signaling
on behalf of AGO10. To test this hypothesis, we engineered
various transgenic plants expressing Flag-4Myc (FM)-AGO10
in the background of ago10pnh-2 that harbors a nonsense muta-
tion (Q885*) and has a 50% penetrance of SAM defects (Lynn
et al., 1999). FM-AGO10 expression was driven via the promoter
sequences of numerous marker genes that are expressed at
specific embryo developmental stages and in specific embry-
onic niches. In parallel, we created numerous target mimicrySolid black lines marked in (C), (F), and (J)–(L) were the individuals selected for fur
(M)–(O). The pinhead ratios in the T3 transgenic plants are shown as mean ± SD
miR165/166 level in the transgenic lines was measured by sRNA blot analysis (bo
level of miR165/166, shown as numbers in the sRNA blot, was normalized to that in
of 1. See also Figure S1 and Table S1.
Cellconstructs (Zhu et al., 2011) to sequester miR165/166
(MIM165/166, hereafter referred to as MIM166) through these
promoter elements in the ago10pnh-2 background (Figure 1A).
We reasoned that if AGO10 functions to maintain the SAM
through miR165/166, then theseMIM166 and AGO10-harboring
constructs should have similar functions in rescuing the
ago10pnh-2 SAM defect.
AS1 is a marker gene for apical parts of the embryo including
the vascular primordia of the cotyledons, whereas the ARR5
domain is located in the vascular primordia of the embryo axis
(Tucker et al., 2008) (Figures 1B–1G). A previous study shows
that the expression of AGO10 from promoters of AS1 and
ARR5 led to a complete rescue of ago10zll-1 phenotypes (Tucker
et al., 2008). We repeated these experiments with the ago10pnh-2
allele and found that the ratio of pinhead phenotypes in
ago10pnh-2; PAS1-FM-AGO10 transgenic plants was significantly
lower than that of ago10pnh-2 plants (Figures 1C and 1D). More-
over, the rescue efficiency was positively correlated with the
level of AGO10 protein (Figure S1A). Correspondingly, miR165/
166 accumulation in these plants was generally restored to a
level similar to that of wild-type, but less than that of ago10pnh-2
plants (Figure 1D). These results indicated that AGO10 expres-
sion from the AS1 promoter could largely, but not completely
rescue ago10 mutant phenotypes in a majority of lines. Notably,
MIM166 expression via the AS1 promoter largely recapitulated
AGO10 function in these domains (Figures 1C and 1D), indicating
that AGO10 indeed mediated non-cell-autonomous signaling
through miR165/166 to promote SAM maintenance.
In contrast, pinhead ratios of ago10pnh-2; PARR5-FM-AGO10
transgenic plants averaged 25% or greater (Figures 1E–1G; Fig-
ure S1B), indicating that AGO10 expression via the ARR5 pro-
moter could only partially rescue defective SAMs in ago10pnh-2
mutants. Moreover, approximately half of ago10pnh-2; PARR5-
FM-AGO10 transgenic plants displayed a pair of radial true
leaves followed by SAM terminal differentiation (Figure 1H), indi-
cating that abortion of SAM maintenance was delayed in these
plants. This result also suggests the ARR5 promoter might be
functionally active in very early, but not later stages of postem-
bryonic development. Similarly to AGO10, MIM166 expressed
via the ARR5 promoter rescued ago10pnh-2 phenotypes to a
moderate extent (Figures 1F and 1G). Taken together, both
MIM166 and AGO10, when expressed from AS1 and ARR5,
could not fully rescue ago10pnh-2 phenotypes suggesting that
miR165/166 sequestration entails functions of AGO10 in an
extended stage and/or in a broader region to regulate proper
SAM development.
AGO10 SequestersmiR165/166 through Developmental
Stages and Niches Defined by PHB and REV
To further identify the AGO10-miR165/166 functional sites for
maintaining stem cell development, we pursued promoters of
several other tissue- or developmental stage-specific genesther analysis of phenotypes and sRNA blots for T3 homozygotes in (D), (G), and
from three replicates (n > 50/line/replicate; top panels in (D), (G), and (M)–(O).
ttom panels in D, G, and M–O). U6 was used as a loading control. The relative
wild-type Ler plants where the ratio of miR165/166 toU6was assigned a value
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including Filamentous Flower (FIL) (Newman et al., 2002) and
Asymmetric leaves 2 (AS2) (Tucker et al., 2008). FIL is expressed
on the abaxial sides of lateral organs in an apparently comple-
mentary fashion to native AGO10 (Newman et al., 2002) (Fig-
ure 1I). Transgenic ago10pnh-2; PFIL-FM-AGO10 plants had com-
parable ratios of defective SAMs relative to ago10pnh-2 plants
(50%–55% pinhead); thus, expression of PFIL-FM-AGO10
was unable to rescue the ago10pnh-2 phenotype (Figures 1I, 1J,
and 1M). This result indicates that the FIL expression regions
are not functional sites for AGO10-miR165/166. Moreover,
ectopic accumulation of AGO10 somehow positively correlated
with the pinhead ratio in the ago10pnh-2;PFIL-FM-AGO10 trans-
genic lines (Figure S1E). This scenario is reminiscent of our pre-
vious observation in AGO1 promoter-drivenMIM166 transgenic
plants. In those transgenic plants, sequestration of miR165/166
by PAGO1-MIM166 from the abaxial domain of the embryos and
new organs, where miR165/166 is highly accumulated, likely
leads to even distribution of miR165/166 and correspondingly
the HD-ZIP III transcripts in these tissues, thus enhancing the
meristem defect of ago10pnh-2 mutant (Zhu et al., 2011). This
result is in line with a previous report that shows ectopic expres-
sion of AGO10 on the abaxial sides of developing organs alters
meristem development and organ polarity (Newman et al.,
2002). AS2 is a signature gene for distal adaxial tissues of the
cotyledons (Tucker et al., 2008) (Figure 1I). Consistent with the
previous observation (Tucker et al., 2008), expression of
AGO10 andMIM166 via the AS2 promoter was unable to rescue
the SAM defects in ago10pnh-2 mutants (Figures 1K, 1L, 1N, and
1O; Figure S1D). The abundance of miR165/166 in ago10pnh-2;
PAS2-FM-AGO10 and MIM166 lines was comparable to that of
ago10pnh-2 mutant, suggesting the expression niche of AS2 is
too restricted for AGO10 or MIM166 to sufficiently inhibit
miR165/166 accumulation. Alternatively, ectopically accumu-
lated miR165/166 in ago10 mutants may not be distributed in
the region, resulting in a lowered sequestration effect on
miR165/166 and failure to rescue the ago10pnh-2 mutant.
To precisely pinpoint the critical stages and niches for AGO10
function, we pursued all five members of the HD-ZIP III family
(Byrne, 2006). Expression of AGO10 or MIM166 via promoters
of the HD-ZIP III members had different effects on complemen-
tation of ago10pnh-2 mutants (Figure 2; Figure S1C). Plants ex-
pressing ago10pnh-2; PREV-MIM166 had the lowest ratio of defec-
tive SAMs compared to transgenic plants expressing other
promoter-driven constructs (Figures 2A, 2B, and 2E). Corre-
spondingly, miR165/166 accumulation in PREV-MIM166 trans-
genic plants was recovered close to the normal levels in wild-
type plants (Figure 2E). PPHB-MIM166 largely rescued the SAM
defects of ago10pnh-2 (Figures 2A, 2C, and 2F), whereas expres-
sion ofAGO10 orMIM166 via theATHB8 promoter partially com-
plemented ago10pnh-2 (Figures 2D and 2G–2I). Interestingly,
expression of MIM166 via the promoters of PHV and CNA only
had marginal effects on complementation of ago10pnh-2 (Figures
2J–2M). Consistent with the low rescue efficiency of these con-
structs, the steady-state levels of miR165/166 in these trans-
genic plants were slightly higher than that of wild-type Ler plants
in most cases (Figures 2L and 2M). Together, these results are
well in line with the expression patterns of the individual mem-
bers of the HD-ZIP III family.1822 Cell Reports 10, 1819–1827, March 24, 2015 ª2015 The AuthorExpression ofREV andPHB occurs throughout the 16-cell em-
bryo or even earlier (Emery et al., 2003; McConnell et al., 2001).
As development proceeds, their transcripts become confined in
the central region of the embryo including the SAM and provas-
culature, and later in the adaxial domain of the cotyledons and
leaf primordia (Byrne, 2006) (Figure 2A). Clearly, the expression
timing and domains of REV and PHB are most critical for
AGO10-miR165/166 function. In agreement with this conclusion,
among loss-of-functionmutants in allHD-ZIP III familymembers,
rev phb doublemutants phenocopy ago10mutants (Prigge et al.,
2005). In contrast to REV and PHB, ATHB8 expression is more
restricted to procambial cells of the embryo and vasculature of
developing organs (Byrne, 2006) (Figure 2A). Restriction of
ATHB8 expression to these domains likely accounts for the rela-
tively low efficiency in complementation of ago10pnh-2. PHV and
CNA display expression patterns similar to those of REV and
PHB but initiate later and are more confined than that of REV
and PHB (Barton, 2010; Byrne, 2006). Sequestration of
miR165/166 from the expression niches of PHV and CNA had
the lowest rescue efficiency of ago10pnh-2, suggesting that the
programming of meristem renewal or differentiation in the
SAMs has been largely determined before the expression of
PHV and CNA. Alternatively, the expression niches of PHV and
CNA are too restricted within the top domains of the embryo,
or their promoters are too weak to fully decoy miR165/166.
Taken together, the functional timing and sites of AGO10 in
SAM maintenance essentially recapitulate the expression pat-
terns of REV and PHB genes; from the embryo proper in early
embryogenesis to the apical and central regions of the mature
embryo and eventually to the entire adaxial domains of cotyle-
dons and leaf primordia as well as vascular tissues where essen-
tially REV and PHB transcripts are located (Figure 2).
Differential Contribution of Individual MIR165/166
Members on Meristem Development
The Arabidopsis genome harbors nine loci for MIR165/166
genes, and we next investigated the role of the individual
MIR165/166 members in SAM development. Because MIRNA
genes are generally very short, there are no T-DNA insertion mu-
tants available for MIR165/166 members. To circumvent this
issue, we expressed MIM166 (Zhu et al., 2011) from the pro-
moters of individualMIR165/166 genes to create tissue-specific
knockout mutants. The complementation efficiency of the
ago10pnh-2 mutants by theMIM166 constructs was highly diver-
sified (Figure 3). First, sequestration of miR165/166 by MIM166
via the promoters of MIR165b, MIR166a, MIR166b, and
MIR166g completely or significantly rescued the meristem de-
fects in ago10pnh-2 (Figures 3B, 3C, 3E–3G, 3J, 3O, and 3R). In
agreement with the phenotypic recovery, the expression of
miR165/166 in these complementation plants was repressed
nearly to wild-type levels (Figures 3E, 3F, 3J, and 3R). These re-
sults indicated that miR165/166 in the domains defined by the
MIR165b, MIR166a, MIR166b, and MIR166g loci should be
depleted in ago10 mutants to ensure high accumulation of HD-
ZIP III transcripts in the embryos, and thus to rescue the SAM
defect. Interestingly, two semi-dominant mutants, meristem
enlarged1 (men1) and jabba-1D (jab-1D) that were previously
isolated from activation-tagged lines, have increased levels ofs
Figure 2. AGO10 Suppresses miR165/166 Activity through Developmental Stages and Niches Confined by the PHB and REV Genes
(A) Schematic expression patterns ofHD-ZIP III family members andAGO10 in embryo. Note: in situ hybridization information ofHD-ZIP III genes in 8-cell stage of
the embryo is not available.
(B–D, H, J, and K). Overall trends of pinhead ratios in T2 transgenic plants expressing PREV-MIM166 (B), PPHB-MIM166 (C), PHB8-FM-AGO10 (D), PHB8-MIM166
(H), PPHV-MIM166 (J), and PCNA-MIM166 (K) in the ago10
pnh-2 background, respectively (n > 50/line).
(E–G, I, L, and M) Pinhead ratios in three representative T3 homozygote transgenic plants expressing PREV-MIM166 (E), PPHB-MIM166 (F), PHB8-FM-AGO10 (G),
PHB8-MIM166 (I), PPHV-MIM166 (L), and PCNA-MIM166 (M) in the ago10
pnh-2 background, respectively.
Solid black lines marked in (B)–(D), (H), (J), and (K) were the individuals selected for further analysis of phenotypes and sRNA blots for T3 homozygotes in (E)–(G),
(I), (L), and (M). The pinhead ratios in T3 transgenic plants are shown as mean ± SD from three replicates (n > 50/line/replicate; top panels in E–G, I, L, and M).
miR165/166 level in the transgenic lines was analyzed by sRNA blot assays as in Figure 1 (bottom panels in E–G, I, L, and M). See also Figure S1 and Table S1.miR166 derived from MIR166a and MIR166g loci, respectively,
leading to pleiotropic phenotypes such as stunted growth, fasci-
ated inflorescence stems, and abnormal SAMs (Kim et al., 2005;
Williams et al., 2005). Therefore, our results and previous genetic
evidence collectively imply that proper miR165/166 accumula-
tion in the expression regions defined by MIR166a and
MIR166g, as well as MIR165b and MIR166b, are critical for
SAM maintenance.
Sequestration of miR165/166 byMIM166 via the promoters of
MIR166c andMIR166e essentially had no effect on the rescue of
ago10pnh-2 defects (Figures 3H, 3K, 3M, and 3P), although the
overall steady-state level of miR165/166 in these transgenic
plants was repressed to a certain extent compared to that of
ago10pnh-2 (Figures 3K and 3P). One possibility is that the pro-
moters of these loci are not active in embryogenesis but are in
other developmental stages or timings (Miyashima et al., 2013)Cell(Figures S3 and S4). Another plausible explanation is that
miR166c and miR166e precursors undergo abortive processing
due to their complicated terminal structures and thus have un-
derrepresented contributions in miR166 production in vivo (Zhu
et al., 2013).
Intriguingly, expression ofMIM166 via the regulatory elements
ofMIR165a,MIR166d, andMIR166f did not silence miR165/166
accumulation in the majority of lines measured at the whole
seedling level (Figures 3D, 3L, and 3Q). Moreover, most of the
transgenic plants expressing these MIM166 constructs had
higher ratios of meristem defects compared to that of
ago10pnh-2 plants (Figures 3A, 3D, 3I, 3L, 3N, and 3Q). This result
is reminiscent of our previous observation that AGO1 promoter-
driven MIM166 cannot rescue ago10pnh-2 (Zhu et al., 2011).
Because proper maintenance of SAM development entails a
decrease in miR165/166 abundance in a gradient from abaxialReports 10, 1819–1827, March 24, 2015 ª2015 The Authors 1823
(legend on next page)
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to adaxial domains, the increased pinhead ratios in the plants
expressing MIM166 via the promoters of MIR165a, MIR166d,
and MIR166f likely lead to ectopic enrichment of miR165/166
in the adaxial domains, resulting in severe SAM defects. More-
over, 52% of PMIR166d-MIM166 transgenic plants showed de-
layed growth and radial morphology in their first two true
leaves, but not in subsequent leaves (Figure S2A). This sug-
gests temporary activation of this promoter. In addition,
PMIR166f-MIM166 plants exhibited serration in their young true
leaves, indicative of the regulatory role of miR165/166 accu-
mulation in the expression region defined by the MIR166f
gene during leaf morphological determination (Figures S2B
and S3).
Contrasting Complementation Efficiency of Individual
MIR165/166 Members due to Their Distinct
Spatiotemporal Expression Patterns
Sequestration of miR165/166 from domains expressing individ-
ual MIR165/166 members had different consequence on the
rescue of defective SAMs in ago10pnh-2. This scenario likely re-
sults from distinct expression patterns among the nine genes.
Silencing miR165/166 from the loci of MIR165b, MIR166a,
MIR166b, and MIR166g was robust in rescuing meristem de-
fects in ago10pnh-2 mutants. Astoundingly, MIR165b, MIR166a,
MIR166b, andMIR166g displayed essentially conserved expres-
sion patterns through embryogenesis, although the precise
stages of transcriptional initiation and transcriptional levels var-
ied slightly among these members (Miyashima et al., 2013) (Fig-
ure 4A).MIR166g andMIR165b expression was first detected in
the 8-cell stage embryo or even earlier, but MIR166a and
MIR166b genes become active from the 16-cell stage onward
(Figure 4A). In these stages, transcription occurred in the upper-
most suspensor cells and then extended to the cells at the basal
half of the embryo proper (Figure 4A). From the globular stages,
the expression of all thesemembers were predominantly located
in the ‘‘basal-peripheral’’ regions of the embryos, and gradually
restricted to the outermost layers of the embryos throughout
the later stages of embryogenesis (Figure 4A). Clearly, the
expression stages and niches defined by the four members are
critical for AGO10 function in meristem maintenance. Interest-
ingly, these spatiotemporal expression patterns are somewhat
complementary to the expression domains defined by AGO10
as its mRNA is mainly distributed in the embryo proper during
early embryogenesis, and as development proceeds the mes-
sage is progressively defined to the central and adaxial areas
and provascular regions of the mature embryos (Lynn et al.,
1999). This complementation suggests that overwhelming
miR165/166 produced from the loci of MIR165b, MIR166a,
MIR166b, and MIR166g might be diffused (or transported) intoFigure 3. Functional Contribution of Individual MIR165/166 Loci to SAM
(A–C, G–I, and M–O) Overall trends of pinhead ratios in T2 transgenic plants expre
MIR165b (B), MIR166a (C), MIR166b (G), MIR166c (H), MIR166d (I), MIR166e (M
(D–F, J–L, and P–R) Pinhead ratios of three representative T3 homozygote transge
of MIR165a (D), MIR165b (E), MIR166a (F), MIR166b (J), MIR166c (K), MIR166d
Solid black lines marked in (A)–(C), (G)–(I), and (M)–(O) were the individuals selecte
(F), (J)–(L), and (P)–(R). The pinhead ratios in T3 transgenic plants are shown as me
P–R). miR165/166 level in the transgenic lines was analyzed by sRNA blot assay
Cellthe AGO10-defined domains for quenching. In a parallel experi-
ment, we created transgenic plants in Col-0 and ago10pnh-2
backgrounds expressing a GUS gene from native promoter ele-
ments of the nine MIR165/166 genes (Figures S3 and S4).
Expression patterns of these members were comparable in
either background, suggesting that loss-of-function of AGO10
appears not to alter transcription of the nine MIR165/166 loci
(Figures S3 and S4). Interestingly, we observed that expression
of MIR166g and MIR165b was frequently detected in two tiny
niches, likely new leaf primordia, right above the base of vascular
branches in the cotyledons (Figure 4B). These niches might also
be critical for AGO10 function becauseMIM165/166 using these
regulatory elements had the highest efficacy in rescuing
ago10pnh-2 mutants.
MIR165a has been shown to share similar expression pat-
terns with MIR165b, MIR166a, MIR166b, and MIR166g (Miya-
shima et al., 2013). However, expression of MIM166 via the
MIR165a promoter was unable to rescue defective SAMs in
ago10pnh-2 (Figure 3D). This result is likely due to the fact that
expression of MIR165a is weaker and later than the other
four members before the 16-cell embryo stage (Figure 4A)
(Miyashima et al., 2013). Moreover, the MIR165a promoter
was turned off in the suspensor cells of embryos at the late
globular stage, while the expression remained active for the
other four members (Figure 4A). Consequently, sequestration
of miR165/166 via the MIR165a promoter could not sufficiently
prevent miR165/166 influx into the central and adaxial
domains of the embryo in the critical stage of SAM cell-fate
determination.
Taken together with our previous discovery (Zhu et al., 2011),
this study provides direct evidence that AGO10 functions
through miR165/166 to mediate non-cell-autonomous commu-
nication between the meristem and tissues surrounding the
SAM. The functional sites of AGO10 extend from the embryo
proper during early embryogenesis to apical and central regions
of the mature embryo including the vascular primordial (Tucker
et al., 2008), and eventually to the entire adaxial domains of
the cotyledons and leaf primordia including vasculatures (Fig-
ure 3). These domains are invaded by the influx of miR165/166
derived from the loci of MIR165b, MIR166a, MIR166b, and
MIR166g (Figure 4C). AGO10 sequesters miR165/166 produced
through these loci, leading to the spatial enrichment of
miR165/166 in the abaxial domains of new organs. The abaxially
restricted miR165/166 are recruited by AGO1 to repress
HD-ZIP III transcripts, leading to their predominant accumulation
in embryo apical and central domains as well as the adaxial sides
of new organs. The complementary expression patterns of
miR165/166 and their targeted genes along the ab/adaxial axis
of cotyledons and leaf primordia provide a spatial cue for properMaintenance
ssingMIM166 in the ago10pnh-2 background via the promoters ofMIR165a (A),
), MIR166f (N), and MIR166g (O) (n > 50/line).
nic plants expressingMIM166 in the ago10pnh-2 background via the promoters
(L), MIR166e (P), MIR166f (Q), and MIR166g (R).
d for further analysis of phenotypes and sRNA blots for T3 homozygotes in (D)–
an ± SD from three replicates (n > 50/line/replicate; top panels in D–F, J–L, and
s as in Figure 1 (bottom panels in D–F, J–L, and P–R). See also Figure S2.
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Figure 4. Different Functional Roles of Individual MIR165/166 Members in SAM Maintenance Results from Distinct Spatiotemporal
Expression Patterns
(A) Confocal imaging showing GFP reporter expression patterns of MIR165a (A1-A4), MIR165b (B1-B4), MIR166a (C1-C4), MIR166b (D1-D4), and MIR166g
(E1-E4) at the stages in embryogenesis indicated at the top of each column. Bar, 20 mm.
(B) Detection of unique expression niches of MIR165b and MIR166g genes in new leaf primordia. The promoter elements of individual genes were fused to the
glucuronidase (GUS) coding sequences and transformed into Arabidopsis. T2 homozygote plants were used for GUS staining. Bar, 100 mm.
(C) Integrated expression landscape of AGO10 and selected MIR165/166 members. See also Figures S3 and S4.SAM development. As such, new meristems reside entirely
within the adaxial domain defined by HD-ZIP III expression and
are excluded from the abaxial domain marked by miR165/166
accumulation. Notably, AGO10 does not appear to be highly ex-
pressed in the presumptive shoot stem cells in certain embryonic
stages (Tucker et al., 2008). This might imply that the quenching
of miR165/166 activity in regions surrounding the stem cells pro-
vides a sufficient spatiotemporal cue for SAM development.
Alternatively, there might be another non-cell-autonomous
signaling that emanates from the AGO10 domain and sensors
AGO10-miR165/166 function, and this signal is further trans-
mitted to the stem cells and regulates their activity. In the future,
it would be exciting to identify the signaling and learn how the
signaling controls SAM development.1826 Cell Reports 10, 1819–1827, March 24, 2015 ª2015 The AuthorEXPERIMENTAL PROCEDURES
Vector Construction
Promoters for all marker genes or MIR165/166 members were cloned from
Arabidopsis (Col-0) genomic DNA and confirmed by sequencing. The promoters
normally coveredat least 2 kbupstreamof the transcriptional start sites, depend-
ing on the intergenic sequences upstream of each gene. Detailed vector con-
structionwasdescribed inSupplementalExperimentalProceduresandTableS1.
Plant Material and Growth Conditions
Plant growing conditions were previously described (Zhu et al., 2011) and also
in Supplemental Experimental Procedures.
RNABlot andWestern Blot Analyses, GlucuronidaseActivity Assays,
and Confocal Microscopy
All these assays were described in Supplemental Experimental Procedures.s
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2015.02.047.
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